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Robert Kay and colleagues (Changing directions in the study of chemotaxis. Nature Rev. Mol. Cell Biol. 9, 455-463 (2008)) 1 cite the popular view that actin polymerization drives the forward protrusion of moving cells and suggests that "membrane flow has received little experimental support". This statement disregards the following observations, based on fibroblasts, which suggest that exocytosis provides the surface for forward protrusion.
Endocytosis, which is driven by clathrincoated pits, occurs randomly and internalizes ~2% of the cell surface per min. In stationary cells, exocytosis occurs randomly on the cell surface whereas, in migrating cells, exocytosis occurs at the leading edge. This main difference between stationary and migrating cells was discovered in spreading cells 2, 3 and was later extended to migrating fibroblasts 4 . Given the rate of endocytosis, the rate at which exocytosed membrane could extend the front of a fibroblast is ~1 µm per min. Indeed, this is the speed with which these cells extend forwards, which suggests that the surface required for protrusion is provided by the endocytic cycle in fibroblasts. A more subtle point: as some fibroblasts move very slowly, the proportion of exocytosing membrane delivered to the front of the cell compared with the membrane that is delivered randomly might vary. If so, this would provide cells with a molecular clutch for varying their speeds.
'Membrane flow' refers to the consequences of this polarized endocytic cycle -that a flow, primarily of lipid molecules, occurs in the plasma membrane of the cell from the cell front towards the rear of the cell. Circulating receptors (such as transferrin receptors) become kinetically trapped towards the front of the cell 2, 3 ; before they can diffuse to the rear of the cell, they are recaptured by endocytosis and returned to the front. Non-circulating proteins should be swept backwards 5 , although this might be difficult to observe because individual molecules diffuse too quickly. However, such 'reverse' gradients have recently been found in polarized yeast cells 6 . The rearward movement of slowly diffusing complexes, such as particles that are attached to the cell surface 7 or cross-linked proteins 8, 9 , are easier to observe. Besides providing an extension of surface at the front of the cell, exocytosis could also provide a fresh supply of feet for the cell to attach to the substratum 10 ; this idea is supported by data in neutrophils 11 and other cells.
The notion that membrane circulation is the motor for movement in fibroblasts remains to be confirmed, as is the case for actin polymerization. Furthermore, the contribution of membrane flow to Dictyostelium discoideum migration also remains unclear. Wild-type amoebae rapidly internalize their surfaces (every 4-10 mins 12 ), which is compatible with their speed of movement. Conditional mutations in either N-ethylmaleimide-sensitive fusion protein (NSF) or Sec1 (required for intracellular transport and exocytosis, respectively) block cell migration 13, 14 , which indicates that membrane transport is required. But do all cells that have 'amoeboid' movement actually move by similar processes? And is D. discoideum a good model for mammalian cells? It would clearly help to discover where, on the D. discoideum surface, both endo cytosis and exocytosis occur. This knowledge could help resolve a paradox: persuasive evidence indicates that a rearward flow of membrane does not exist in amoebae 15 , but these same cells cap surface particles or aggregates, which I would otherwise interpret as indicating a flow. 
